25 26 DNA methylation (5mC) is central to cellular identity and the global erasure of 5mC from 27 the parental genomes during preimplantation mammalian development is critical to reset 28 the methylome of terminally differentiated gametes to the pluripotent cells in the 29 blastocyst. While active and passive modes of demethylation have both been suggested 30 to play a role in this process, the relative contribution of these two mechanisms to 31 genome-wide 5mC erasure remains unclear. Here, we report a new high-throughput 32 single-cell method (scMspJI-seq) that enables strand-specific quantification of 5mC, 33 thereby allowing us to systematically probe the dynamics of global demethylation. First, 34 when applied to hybrid mouse embryonic stem cells, we identified substantial cell-to-cell 35 strand-specific 5mC heterogeneity, with a small group of cells displaying asymmetric 36 2 levels of 5mCpG between the two DNA strands of a chromosome suggesting loss of 37 maintenance methylation. Next, using scMspJI-seq in preimplantation mouse embryos, 38 we discovered that methylation maintenance is active till the 16-cell stage followed by 39 passive demethylation in a fraction of cells within the early blastocyst at the 32-cell stage 40 of development. Finally, we found that human preimplantation embryos qualitatively 41 show temporally delayed yet similar demethylation dynamics as mouse preimplantation 42 embryos. Collectively, these results demonstrate that scMspJI-seq is a sensitive and 43 cost-effective method to map the strand-specific genome-wide patterns of 5mC in single 44 cells, thereby enabling quantitative investigation of methylation dynamics in 45 developmental systems. 46 47
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modification that is typically stably inherited from mother to daughter cells 1 . This property of 5mC 49 plays an important role in facilitating the propagation of cellular identity through cell divisions and 50 restricting the developmental potential of terminally differentiated cells 1, 2 . Consequently, during 51 preimplantation mammalian development, DNA methylation patterns on the terminally 52 differentiated paternal sperm and maternal egg genomes are erased post-fertilization at a 53 genome-wide scale to revert cellular memory towards an undifferentiated state in the blastocyst 3 . 54 Therefore, understanding the mechanisms underlying global DNA demethylation dynamics is 55 central to understanding the emergence of pluripotent cells during early development. 56 Removal of 5mC can proceed through two alternate mechanisms -passive and active 57 demethylation. Methylated cytosines, within a CpG dinucleotide context are typically copied over 58 to the newly synthesized DNA strands during genome replication by the maintenance 59 methyltransferase, Dnmt1 4 . Passive demethylation relies on loss of 5mC through replicative 60 dilution, in which inhibition of DNA methylation maintenance results in a reduction of 5mC levels 61 after cell division and can be detected through asymmetric levels of 5mC on the two DNA strands 62 of a chromosome. Alternatively, active mechanisms of 5mC erasure occur via conversion of 5mC 63 to 5-hydroxymethylcytosine (5hmC) and other oxidized derivatives, that are not recognized by the 64 DNA maintenance methylation machinery and are subsequently removed by base-excision repair 65 pathways [5] [6] [7] . While early immunofluorescence-based studies revealed that the paternal genome 66 undergoes active demethylation through conversion to 5hmC in the zygote, the maternal genome 67 undergoes passive demethylation through the lack of Dnmt1 activity during replication [8] [9] [10] [11] . 68 Improving upon this coarse quantification of methylation dynamics, next-generation sequencing 69 and mass spectroscopy based studies have recently revealed that the orthogonal regulation of 70 3 demethylation by active and passive mechanisms for the two parental genomes is not as distinct 71 as suggested by these early studies [12] [13] [14] [15] [16] [17] [18] . However, the conclusions in these recent studies were 72 partly based on bulk bisulfite-sequencing based methods that could not directly distinguish 73 between active vs. passive demethylation, and therefore the relative contribution of these two 74 mechanisms to 5mC reprogramming remains poorly understood. 75 To distinguish between these two mechanisms of demethylation requires strand-specific 76 detection of 5mC in single cells. While asymmetric levels of 5mC between two DNA strands of a 77 chromosome would indicate passive demethylation, the global loss of methylation coupled with 78 symmetric levels of 5mC between two DNA strands would indirectly imply active demethylation 79 ( Fig. 1a Fig. 1a ) 20 . Most importantly, due to the maintenance 102 activity of Dnmt1 in E14 cells, we observed similar levels of 5mC on both DNA strands of a 103 chromosome in single cells, as expected ( Supplementary Fig. 1b ). To quantify the strand-specific 104 4 distribution of 5mCpG on each chromosome of a single cell, we defined a metric called as strand 105 bias (denoted by f), which is the ratio of the number of 5mCpG sites detected on the plus strand 106 divided by the total number of 5mCpG sites detected on both the plus and minus strands. Finally, 107 to ensure that scMspJI-seq can detect differences in 5mCpG distribution between the two strands, 108 and to confirm that the observed strand bias of 0.5 in E14 cells results from the maintenance 109 activity of Dnmt1, we used CRISPR-Cas9 to knockout Dnmt1. We observed a dramatic increase 110 in strand bias in E14 cells without Dnmt1, strongly suggesting that our new technology provides 111 a sensitive readout of strand-specific methylation and the ability to distinguish between passive 112 and active demethylation ( Supplementary Fig. 1c ). 113 During preimplantation development, the maternal and paternal genomes display 114 dramatically different 5mC erasure dynamics, and therefore we next wanted to test our ability to 115 quantify strand-specific 5mC at the resolution of individual alleles. As the single-cell 116 measurements in E14 cells did not provide allele-specific detection of 5mC for each chromosome, 117 we applied scMspJI-seq to hybrid serum grown mES cells (CAST/EiJ x 129/Sv background) 22 . 118 While the majority of cells displayed methylation maintenance as expected, we surprisingly 119 observed a small population of cells that showed strong 5mC strand bias (Fig. 2 ). For example, 120 cell 562 displayed similar levels of 5mCpG on the two DNA strands of chromosomes across both 121 alleles ( Fig. 2a ), whereas cell 216 showed substantially different levels of 5mC on each DNA 122 strand of a chromosome ( Fig. 2b ). Pearson correlation coefficient (r) between the plus and minus 123 strands of individual cells show that while a majority of cells displayed high correlation, a small 124 subset of cells were weakly correlated, suggesting loss of methylation maintenance in these cells 125 ( Fig. 2c ). Allele-specific 5mCpG strand bias further revealed the existence of two epigenetically 126 distinct population of mES cells ( Fig. 2d ). Taken together with the E14 cells, these results highlight 127 that in the absence of allele-specific measurements, strand-specific 5mC quantification is 128 averaged across both alleles, potentially obscuring a detailed view of the methylation status of 129 the genome. Finally, we find that these two distinct 5mC strand bias patterns are also observed 130 at a sub-chromosomal resolution, suggesting this is genome-wide phenomenon that potentially 131 arises from differential methylation maintenance between individual mES cells ( Fig. 2e ).
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To validate this cell-to-cell heterogeneity in 5mC strand bias, we reanalyzed data from a 133 recent study that quantified 5mC in single cells using bisulfite sequencing 24 . While this method is 134 low throughput, single-cell bisulfite sequencing can potentially also be used to infer strand-specific 135 5mC 25 . In agreement with our findings using scMspJI-seq, reanalysis of the published dataset 136 also revealed hybrid mES cells with similar levels of 5mC on the plus and minus strands, and a 137 small fraction of cells with substantially different levels of 5mC on the two strands of a 138 5 chromosome ( Fig. 3 ). These results validate our previous observation of two distinct mES cell 139 populations with and without 5mC strand bias ( Fig. 2 ). 140 After establishing this new method, we next used scMspJI-seq to gain a deeper 141 understanding of the 5mC erasure dynamics during preimplantation mouse development as the 142 mechanistic details regulating this genome-wide reprogramming remains unclear from previous 143 work. Early immunofluorescence-based studies showed that 5mC marks on the paternal genome 144 are converted to 5hmC in the zygote [8] [9] [10] [11] . As 5hmC is not maintained through cell division, and can 145 be further oxidized to be removed by cytidine deaminase and base excision repair pathways, the 146 paternal genome is effectively demethylated from the 1-cell to early blastocyst stage 147 (approximately E3.5 or 32-cell stage) of development 7 . These same studies also reported that the 148 maternal genome retains 5mC in the zygote [8] [9] [10] [11] . This observation together with reports that Dnmt1 149 is primarily cytoplasmic during these early cell divisions, indirectly suggested that the maternal 150 genome is passively demethylated through a lack of maintenance methylation 26-29 . However, later 151 studies showed the existence of two isoforms of Dnmt1, with the lowly abundant Dnmt1s isoform 152 present in the nucleus of blastomeres 30-32 . Thus, it remains unclear the extent to which the 153 maternal genome is passively demethylated during these early stages. Further, more recently, 154 bulk 5mC and 5hmC sequencing during these early stages have shown that the maternal genome 155 also carries 5hmC marks, suggesting that the maternal genome also undergoes partial active 156 demethylation 13 . As the mechanisms underlying this critical process of 5mC erasure during 157 embryonic development remains unclear, we used strand-specific detection of 5mC in single cells 158 to probe the dynamics of demethylation more closely. 159 We performed scMspJI-seq on hybrid mouse embryos (CAST/EiJ x C57BL/6 background) 160 from the 2-to 32-cell stage of development. In contrast to previous studies that suggested passive 161 demethylation of the maternal genome due to cytoplasmic localization of Dnmt1, experiments in 162 2-cell hybrid mouse embryos surprisingly revealed that 5mCpG on the maternal genome shows 163 a tight strand bias distribution centered around 0.5, implying similar amounts of the mark of both 164 DNA strands and that Dnmt1-mediated methylation maintenance is active at this stage ( Fig. 4a   165 and Supplementary Fig. 2a ). To ensure that this lack of strand bias in the maternal genome at the 166 2-cell stage is not a technical artifact or a consequence of high de novo methylation activity of 167 Dnmt3a/3b, we quantified the levels of 5mCpA, the most abundant non-CpG methylation, in these 168 cells. Non-CpG methylation is not a substrate for Dnmt1 and is deposited on the genome as a 169 result of the activity of the de novo methyltransferases, Dnmt3a and Dnmt3b 33-35 . In the 2-cell 170 embryos, we found that 5mCpA on the maternal genome showed a bimodal pattern of strand bias 171 distribution, suggesting that the lack of strand bias observed for 5mCpG is possibly a result of the 172 6 maintenance activity of Dnmt1 and not a consequence of high de novo methylation rates by 173 Dnmt3a/3b ( Fig. 4b and Supplementary Fig. 2b ). Further, we have previously shown that bimodal 174 strand bias distributions for 5hmC in 2-cell mouse embryos arises from the slow kinetics of Tet 175 activity and can be used to identify sister cells 21, 36 . This is because 5hmC is not maintained 176 through cell divisions and new DNA strands have lower levels of 5hmC than older strands, 177 resulting in sister cells exhibiting anti-correlated strand bias patterns over all the chromosomes in 178 a cell. Similarly, as 5mCpA is not maintained through cell division, we found that the strong anti-179 correlation in 5mCpA between chromosomes of single cells can be used to identify sister cells 180 ( Supplementary Fig. 2c,d) . These results further imply that at the 2-cell stage of development the 181 kinetics of de novo methylation by Dnmt3a and Dnmt3b is slow (Fig. 4b ). Taken together, these 182 experiments provide preliminary evidence that the similar levels of 5mCpG found on both DNA 183 strands of chromosomes in 2-cell blastomeres is a result of Dnmt1 maintenance activity. 184 Quantifying the dynamics of demethylation beyond the 2-cell stage, we observed for both 185 the maternal and paternal genomes that a majority of chromosomes displayed no significant 186 5mCpG strand bias up to the 16-cell stage ( Fig. 4a and Supplementary Fig. 2a) . Surprisingly, 187 beyond the 16-cell stage, we observed a widening of the 5mCpG strand bias distribution, 188 suggesting reduced Dnmt1 maintenance activity ( Fig. 4a and Supplementary Fig. 2a ). These 189 experiments suggest two distinct phases during preimplantation mouse development -an initial 190 period of Dnmt1-mediated maintenance methylation followed by passive demethylation. Finally, 191 we observed that the 5mCpG strand bias distribution at the 32-cell stage is trimodal. Performing 192 k-means clustering on the 5mCpG strand bias in these single cells identified two distinct groups 193 of cells as inferred by the mean silhouette scores -a population with no strand bias and another 194 population with a bimodal strand bias distribution ( Fig. 4c,d ). Further, within the bimodal 195 population, we observed pairs of cells for which all chromosomes were strongly anti-correlated, 196 suggesting that these pairs are sister cells ( Fig. 4e and Supplementary Fig. 2e ). These that enables interrogation of the methylation status of CpG dyads 37 . We observed that the fraction 207 of symmetrically methylated CpG dyads in the genome is high up to the 16-cell stage, with a 208 dramatic reduction at the 32-cell stage (that is matched by an increase in hemi-methylated CpG 209 dyads at this stage), thereby demonstrating that maintenance methylation is active initially and is 210 followed by passive demethylation at the 32-cell stage (Fig. 4f ). 211 We finally extended scMspJI-seq to explore the dynamics of global demethylation in 212 human preimplantation embryos, ranging from developmental day 2 to 7. Studies in human 213 preimplantation embryos have shown temporally slower, yet similar developmental dynamics to 214 mouse embryos 38 . Despite lacking allelic information, our results suggest that the mouse and 215 human 5mCpG demethylation dynamics are similar, with an initial phase till the 16-cell stage 216 displaying a tight 5mCpG strand bias distribution centered around 0.5, followed by an increase in 217 strand bias in a small fraction of cells from the 32-to 128-cell stage ( Fig. 5a and Supplementary 218 Fig. 3a ). This is consistent with previous immunostainings in human preimplantation embryos that 219 show a decrease in DNMT1 protein levels between Day 5 and Day 6 blastocysts 39, 40 . Further, 220 5mCpA strand-bias distributions of human preimplantation embryos appear to be similar to the 221 trend observed in mouse embryos with a majority of cells till the 16-cell stage displaying 5mCpA 222 strand bias ( Fig. 5b and Supplementary Fig. 3b ). Finally, upon closer inspection of 5mCpA strand 223 bias per cell, we observed three sister pairs in Day 3 embryos with a mirrored pattern of strand 224 bias along the entire genome ( Supplementary Fig. 3c ). 225 In summary, we have developed a new high-throughput strand-specific method that 226 enables us to quantify 5mC on a genome-wide scale in single cells. When applied to serum grown 227 mES cells, we found substantial cell-to-cell variability in strand-specific 5mC landscapes, 228 revealing the existence of chromosome-wide heterogeneity in the methylome of mES cells. 229 Reanalysis of a previous single-cell bisulfite sequencing study further confirmed these results 24 . 230 Furthermore, in addition to exploring strand-specific 5mC heterogeneity in single cells, scMspJI-231 seq also enables systematic investigation of the mechanisms regulating demethylation dynamics. 232 In preimplantation mouse embryos, we surprisingly discovered two distinct phases of methylation 233 dynamics -an initial phase till the 16-cell stage where methylation maintenance is active, followed 234 by loss of maintenance in a fraction of cells within the early blastocyst at the 32-cell stage. These embryos is similar to that observed in mouse embryos in Figure 4b . 575 
